When studying the pressure-relief effect of hard roof blasting and cutting, the roof-cutting position and angle obviously affect the stability of the rock surrounding the gob-side entry (GSE). In this paper, control of the large deformation of rock surrounding the GSE is evaluated on the basis of the overlying structure and pressure-relief principle caused by roof cutting. Moreover, a mechanics model of a three-hinged arch structure (THAS) and a universal distinct element code (UDEC) numerical model with regard to the overlying rock movement were established to study the relationship among the rotation angle of key blocks in the THAS, the width of the roadway and the wall force beside it, and the optimal cutting position and cutting angle to reveal the pressure-relief effect of roof blasting and cutting and its influence on the support stability of the roadway. e results show that the overlying rock can form a stable THAS after roof blasting and cutting and that the wall stress and the coal-wall displacement are small, which indicates that roof blasting and cutting results in obvious pressure relief. e wall force increases with an increase in the rotation angle of the key block and decreases with an increase in the roadway width. Moreover, the optimal roof-cutting position (5 m) and angle (15°) are obtained with the specific mining conditions. Finally, on-site monitoring of the anchor-cable force and support force in panel 5312 of the Jining no. 3 coal mine is used to verify the pressure-relief effect after roof blasting and cutting. e study results can provide a theoretical basis for reasonable technical means and optimization of supporting parameters in field observation and have important application value for roof cutting and pressure relief for GSE retaining (GSER) technology.
Introduction
Based on green, scientific, and efficient mining of coal resources, gob-side entry retaining (GSER) technology has been widely applied to underground coal mines. is technology essentially realizes continuous mining without a coal pillar, reduces the roadway excavation rate, eases the difference between mining and excavation, and optimizes the mining layout. However, this technology is restricted by several shortcomings in its development and application such as the diversity of roof position, difficulty in controlling large deformation of the surrounding rock, and mismatch between the characteristics of the wall support and the surrounding rock [1] [2] [3] [4] .
For that reason, in-depth studies on the key technologies of GSER such as the surrounding rock activity, wall support, and roadway support have been conducted [5] [6] [7] [8] [9] . Because GSER is applied along the edge of the goaf after mining of the working face, the stability of the surrounding rock might depend on the mechanical response of roof failure. e sliding-rotating (S-R) stability based on the Voussoir beam theory was put forward by Qian et al. [10, 11] regarding the key block, and the mechanics criterion of slipping or rotary instability for the key block was obtained. e lateral roof of the roadway at the goaf side might break at the elastic-plastic junction; thus, the fracture position of key strata was obtained according to the limit equilibrium theory [12] [13] [14] [15] [16] . Guo and Zhao [17] determined that the fracture location of the lower roof of the retaining roadway plays a guiding role for the entire roof of the gob-side entry (GSE).
When a hard, thick, main roof occurs over a coal seam where no immediate roof is present or the immediate roof is thinner, the wall beside the roadway may have difficulty in supporting the hard roof. erefore, it is necessary to presplit the hard roof and to change the main roof structure, thus resulting in effective pressure alleviation of the GSE [18] [19] [20] [21] [22] . At present, commonly used methods for roof presplitting are blasting presplitting and hydraulic fracturing [23, 24] , which can effectively cut off the overhanging roof above the retaining roadway and result in roof caving. However, when using hydraulic fracturing for a hard roof, the mechanical properties of the roof decrease through the interaction of rock and water [25, 26] . erefore, blasting presplitting is generally used for a hard roof. e traditional use of roof blasting and pressure relief is to advance the presplitting blasting on the roof, which can speed up the movement and reduce the length of the cantilever block, thus reducing the pressure and the deformation of the surrounding rock. In addition, a vertical blasting model of bedrock was established through optimizing the charge structure of borehole, and then the influence of blasting-hole diameter on the blasting effect is determined by using a numerical simulation and field test [27, 28] . Cumulative blasting technology with directional presplitting under composite-roof condition was adopted to effectively control the damage of roof and maintain the integrity of the collapsed roof [29] . A dynamic load numerical model which regards artificial blasting as the earthquake source was established in order to analyze the failure and deformation of surrounding rocks [30] . However, these previous studies do not consider the importance of the structure formed by roof collapse and movement.
Hence, it is particularly important to select the best cutting position (hole position) and angle (hole angle) when presplit blasting the roof to achieve better pressure-relief effects. In this paper, to control the large deformation of rock surrounding the GSE, the overlying structure and pressurerelief principle caused by roof cutting was first analyzed. A THAS mechanics model and a UDEC numerical model with regard to the overlying rock movement were established to study the relationship among the rotation angle of key blocks in THAS, the width of the roadway and the wall force beside it, and the optimal cutting position and cutting angle to reveal the pressure-relief effect of roof blasting and cutting and its influence on the support stability of the roadway. e study results can provide a theoretical basis for reasonable technical means and optimized supporting parameters in field observation. Moreover, they have important application value for roof cutting and pressure relief using GSER technology.
Analysis of Pressure Relief Caused by Roof
Blasting and Cutting
Overburden Structure and Pressure-Relief Principle
Caused by Roof Cutting. When a hard, thick, main roof occurs directly above a coal seam, it is easily suspended at a large scale owing to its high stiffness and strength, which results in highly concentrated stress in the surrounding rock of the roadway [31] [32] [33] [34] . Hence, if the roof is presplit by blasting in a certain range outside the GSE, the length of the cantilever block can be reduced, and the caved rock block can be squeezed and bitten with the noncaved block to form a stable articulated structure, thus reducing the pressure and alleviating the deformation of the rock surrounding the GSE. e overburden structure after roof blasting was applied is shown in Figure 1 . As shown in Figure 1 (a), the B 2 block is rotated, and its right side touches the floor first. e block still intersects with and presses against the B 1 block to form a beam structure owing to the effect horizontal force and the frictional resistance of joint-cutting.
is results in load exertion on the roadway and shows a poor pressure-relief effect. In Figure 1 (b), the key B 2 block is completely cut down after roof cutting and has lost mechanical transmission with the B 1 block, which has a short or even no cantilever. However, the position of roof cutting should not be too close to the roadway in the field mainly because the blasting vibration caused by roof cutting will cause large deformation of the rock surrounding the roadway. In Figure 1 (c), the key B 2 block has subsided after roof cutting, and the B 1 block is suspended for a certain length. en, the B 1 block was rotated and squeezed with the B 2 block with face mining. is resulted in the formation of a three-hinged arch overlying structure transferred from the cantilever beam structure and thus reduced the pressure of the wall and surrounding rock.
Determining Parameters of Roof
Cutting. According to the aforementioned analysis, the overlying structure after roof cutting is very important for the stability of the surrounding rock in GSER technology. e basic parameters determining the overlying structure are the position and the angle of roof cutting.
eoretical Analysis of Roof-Cutting
Angle. According to the Voussoir beam theory [10] , in order to ensure the slipping of block B 2 , the shear force must be greater than the friction force between the two blocks as
where R is the shear force with the block failure, N; T is horizontal force, N; and β is the angle of the roof cutting. e possibility of slipping instability of the structure increases with an increase in the cutting angle. However, the cutting angle should not be too large, which may cause the drill-hole depth to increase, thus increasing the difficulty of construction.
Position. If the B 2 block slips and loses stability after roof cutting, the relationship among the rotation angle, cutting angle, and cutting position is described by drawing a method according to the geometric relationship of the blocks, as shown in Figure 2 . e B 1 block rotated more easily and sank with a decrease in the cutting angle; then, it made contact with the B 2 block to form a THAS.
According to the above analysis, the THAS easily forms with a large cutting position or small cutting angle. However, a longer cantilever relates to high support stress of the roadway with a larger cutting position; thus, the B 2 block may slip more easily with a large cutting angle according to equation (1) . Hence, it is necessary to choose an appropriate cutting angle and cutting position to form a THAS.
Mechanical and Parameter Analysis of
Overburden Structure Caused by Roof Cutting Advances in Civil Engineering 3 short-arm beam structure was set as the matched group, the mechanical model of the key block was established, and the engineering example was analyzed. Figure 3 shows the force condition of the key strata with the THAS formation. According to the S-R stability theory, equation (2) is obtained:
where T is the horizontal force and T � qL 1 2 /2(h − L 1 sin θ 1 ); f is the friction force between two adjacent blocks and f � T tan φ; tan φ is the friction coefficient; P is the wall force, N; q is the uniform load, q � c i h i ; c i and h i are the density and the height of the main roof and its overlying strata, respectively; and e � 1/2(h − L 1 sin θ 1 ). Hence, equation (3) can be expressed by the above parameters:
(3) Figure 4 shows the force condition of the key strata with the cantilever beam structure. us, the following equations are obtained:
Hence, when the cantilever beam structure and THAS are formed, the wall force increases with an increase in L 1 . Among them, the wall force P of the cantilever beam structure is minimal with L 1 � a + b + c; when a THAS forms, L 1 needs to satisfy the geometric relations in Figure 2 .
In order to study the problem intuitively, panel 5312 of the Jining No. 3 coal mine was used as the mining background. e depth of panel 5312 is 581 m, the mining height is 3 m, the coal seam dip is 3-6°, and the length and the strike length are 150 m and 626 m, respectively. e excavation size of the GSE is 4.5 m × 3 m, and the width of the wall is 2.7 m. Moreover, the roof is composed mainly of interbedded sandstone and mudstone. e physical and mechanical parameters of the coal and the roof are listed in Table 1 . e length L of the B block can be obtained as [8] L � 2u 17
where u is the length of working face, m; z is the periodic weighting distance obtained by field observation or calculated by z � 2h ������ (R T /q); and R T is the tensile strength, MPa. Considering the effect of the elastic foundation, the horizontal distance between the break line of the roof and the roadway can be obtained as [1] Advances in Civil Engineering
where E is the elastic modulus of main roof, GPa; k is the foundation coefficient and k � E ′ /m; E ′ is the elastic modulus of the coal seam and E ′ � E/(1 − v 2 ); I is the bending modulus of main roof and I � h 3 /12; M 0 is bending moment above the coal wall; and Q 0 is the shear force above the coal wall. In addition, r �
According to the geological conditions of panel 5312, the parameters z � 31.7 m, L � 30.6 m, and a � 3.7 m can be calculated by equations (6) and (7) . According to previous research [9] , the rotation angle of the main roof was set at 4°; hence, the relationship among the roof cutting, the wall force of the cantilever beam structure, and THAS is shown in Figure 5 .
As can be seen from Figure 5 , whether the roof is in a cantilever beam or a THAS, reducing the length of the block by cutting the roof can play a more obvious pressure-relief effect. When the cantilever beam structure is formed after roof cutting, the minimum roof-cutting position is L 1 � a + b + c � 8.7 m; at this moment, the roof cantilever length is 0 m and the wall force is 3633 kN. While, when the wall force is 3633 kN, the THAS is formed after roof cutting and the cutting position is 13 m, and the roof cantilever length is 4.3 m. According to the analysis of Section 2.2, the longer the cantilever length is, the easier the THAS will be formed. Considering the field engineering, the cutting position should not be too close to the roadway because the blasting impact and the roof subsidence after presplit blasting will cause serious deformation of surrounding rocks, which is not conducive to the stability of the roadway. Hence, it can be concluded that the THAS is more conducive to the stability of the rock surrounding the GSE in Advances in Civil Engineering 5 panel 5312 and that the best position of roof presplitting is about 5 m outside the roadway.
Analysis of Key Parameters of GSER.
According to equation (5), many factors such as the coal-seam thickness, overlying load, key block movement, and roadway width affect the wall force. In this study, the objective geological factors (e.g., coal seam thickness and overlying load) were not considered. Instead, we studied the relationship of the key-block rotation angle, the roadway width (wall width), and the wall force. Figure 6 shows the variation curve of the relationship among the rotation angle of the key block, roadway width (wall width), and the wall force. It can be concluded that the wall force increases with an increase in the rotation angle of the key block, whereas it decreases with an increase in the roadway width. Moreover, the rotation angle of θ 1 decreases with increases in the stiffness of the wall and in the coal seam because it is obviously affected by these parameters, and the stress in the rock surrounding the roadway increases with an increase in θ 1 . Hence, bolt support at the coal side can be adopted, or high-strength wall-filling material can be used, thus increasing the bearing capacity and effectively improving the stability of the rock surrounding the roadway. In addition, a decrease in the wall force will inevitably lead to an increase in the coal force of the roadway according to the mechanical balance for the B 1 block, which leads to large deformation and is not conducive to controlling the rock surrounding the roadway. Hence, it is necessary to design a reasonable roadway width for GSE stability.
Analysis of Numerical Simulation

Establishment of the Numerical Model.
In order to further reveal the influence of roof presplitting and cutting technology on the stress and deformation of the surrounding rock for GSER, UDEC numerical simulation was used to study the pressure-relief effects of the roof cutting angle and cutting position. As a result, the best roof-cutting angle and cutting position were obtained. Hence, a total of 32 different combination schemes were designed by setting different cutting angles such as 0°, 10°, 15°, and 25°and different cutting positions such as 1 m, 3 m, 5 m, 7 m, 9 m, 11 m, 13 m, and 15 m. e sizes of the simulation model and the roadway were 200 m (length) × 81 m (height) and 4.5 m (width) × 3 m (height), respectively, and the wall width was 2.7 m. Moreover, the boundary conditions of the bottom and both sides of this model were full-displacement constraints and horizontal-displacement constraints, respectively, and the model top applied 12.5 MPa vertical stress to compensate for the failed simulation strata. e Mohr-Coulomb model was adopted for the coal and rock mass, and the strain-hardening model was adopted for the wall. An overview of the simulation model and its parameters are shown in Figure 7 .
Analysis of the Angle Effect of Roof Cutting.
e simulation results of the 32 aforementioned schemes revealed that the roof structure changes similarly with the cuttingangle variation at different cutting positions. Hence, the cutting position of 5 m was chosen, and the structure variations with different cutting angles as shown in Figure 8 were analyzed. e different cutting angles had different effects on the movement of key blocks after roof cutting. It was easier for the B 2 block to be fully cut down to the horizontal state with an increase in the cutting angle. When the cutting angle was less than 15°, as shown in Figures 8(a) and 8(b) , the influence of roof cutting on the overburden structure was small, the movement of overburden is slight, and the pressure-relief effect was not obvious. When the cutting angle was greater than 15° (Figure 8(d) ), the B 2 block was completely cut down and was relatively isolated; therefore, it could not make contact with the cantilever of the B 1 block to form a stable THAS. However, when the cutting angle was 15°, as shown in Figure 8 (c), the B 2 block was cut down, and the B 1 block was squeezed and occluded to form a THAS, which can have an obvious pressure-relief effect. Hence, the optimal angle of roof cutting for pressure relief is 15°for these simulation conditions.
Analysis of the Position Effect of Roof Cutting.
Accordingly, in order to study the position effect of roof cutting for pressure relief, the cutting angle of 15°was chosen, and the structure variations with different cutting positions as shown in Figure 9 are analyzed.
When the cutting angle was 15°, the blocks with different cutting positions can be squeezed and bitten; however, the pressure-relief effect for the main roof is different. When the cantilever length is less than 5 m (Figures 9(a) and 9(b) ), the key block can form an articulated structure, but the B 2 block above the goaf cannot fully move, which affects the stability of the articulated structure and the stress of the surrounding rock for GSE. When the cantilever length is 5 m, as shown in Figure 9 (c), the B 2 block can be sufficiently cut down to form a stable three-hinged arch structure with the B 1 block. In this case, the pressure-relief effect for the surrounding rock is remarkable, and the deformation of the coal side can be effectively controlled. When the cantilever length is greater than 5 m (Figure 9(d) ), the key B 2 block can still be cut down sufficiently, although the increase in cantilever length will load more pressure to the rock surrounding the roadway. Hence, the optimal position of roof cutting for pressure relief is a cantilever length of 5 m under these simulation conditions. is result is essentially consistent with the theoretical analysis results of 4.3 m, which indicates that the numerical simulation design is more reasonable.
Effect of THAS on Rock Surrounding the GSE.
e THAS of the main roof is beneficial to the stability of rock surrounding the GSE; however, THAS formation is closely related to the cutting angle and the cutting position. rough the study and analysis of 32 schemes, it was found that the critical values for THAS formation are a cutting angle of 10°, cutting position of 13 m, angle of 15°, and position of 5 m, as shown in Figure 10 . e displacement variations of the coal side of the GSE before and after the THAS formation are depicted in Figure 11 .
As shown in Figures 10(a) , 10(c), and 11, the THAS was not formed after roof cutting, and the stability of the main roof above the roadway was poor, causing serious deformation to the coal side and floor heaving of the GSE, which seriously affect the normal use of the roadway. However, Figures 10(b), 10(d), and 11 show THAS formation, in which the roadway deformation at the coal side is relatively uniform. e wall beside the roadway can provide effective support for the roadway and can share part of the load for the solid coal body of the roadway. Hence, the stress concentration in the wall is obviously reduced after the THAS formation. As shown in Figures 10(c) and 10(d) , the vertical stress in the wall was 25.3 MPa before the THAS formation but fell to 18.9 MPa with a decrease rate of 25% after the structure formed. Hence, to alleviate the pressure and control the deformation of the surrounding rock, it is of 8 Advances in Civil Engineering great significance to reasonably choose the cutting angle and cutting position. e vertical stress of the wall in Figure 10 (b) is obviously less than that of the wall in Figure 10(d) , and the deformation of the former is less than that of the latter, as shown in Figure 11 . Hence, the optimal scheme of roof cutting was determined to be a 15°cutting angle and a 5 m cutting position. Moreover, referring to the previous studies [35] [36] [37] [38] , it can be found that the simulation results from this paper are basically consistent with the results from those, which proves the scientificity of the simulation results and the rationality of the simulation methods to a certain extent.
Comparative Analysis of Pressure-Relief Effect between
Roof Cutting and Non-Roof-Cutting. According to the aforementioned optimal scheme of roof cutting (cutting angle of 15°and cutting position of 5 m), the vertical stress distribution and its variations of roof cutting and non-roof-cutting were Advances in Civil Engineering 9 studied by setting up two monitoring lines 0.5 m above the roadway, as shown in Figure 12 .
Because of the roadway excavation and face mining, a stress concentration zone occurs in the solid coal and in the wall of the roadway with and without roof cutting. However, the roadway is in the stress relaxation zone between the two zones of stress concentration. e vertical stress of the wall without roof cutting was 17.9 MPa, whereas that of the wall with roof cutting was 11.9 MPa, showing a 33% decrease. Moreover, compared with that without roof cutting, the stress concentration zone moved forward after roof cutting, and the influence range decreased. Hence, the pressure-relief effect with roof cutting is obvious. Figure 13 shows the displacement variations of the rock surrounding of the roadway with and without roof cutting. Before roof cutting, the stress concentration was large in the wall and in the solid side of the roadway owing to the high strength and stiffness of the main roof, resulting in obvious deformation of the roadway. After roof cutting, the main roof inside the cutting line rotated and sank. In addition, a THAS formed with the block outside the cutting line, which decreased the stress of the surrounding rock and controlled the deformation of the roadway. Among factors, the pressure-relief effect of the roadway at the solid coal side was the most remarkable.
Field Observations
Based on the geological conditions of panel 5312 in the Jining No. 3 coal mine, the optimal cutting position and angle of presplitting blasting for pressure relief were obtained. In order to further explain the effects of roof cutting and pressure relief, this section discusses on-site monitoring performed during the mining process of panel 5312 and analyzes the force of the roof anchor cable and the variation of the support stress.
Force Monitoring of Roof Anchor Cable.
According to the objectives of this study, a total of seven anchor-cable force sensors marked as A1-A7 were installed in the target roadway. e distances between the sensors and the open-off cut were 30 m, 150 m, 215 m, 230 m, 350 m, 450 m, and 650 m for A1 to A7, respectively, and the anchor-cable force was monitored by using a remote online-monitoring system. Figure 14 describes the force variations of A2, A4, and A7 anchor cables with typical mining conditions. e force variations of the roof anchor cables in the three monitoring positions were similar, and the influence range of mining dynamic pressure was essentially stable at 30-35 m. e force of the anchor cable began to increase about 10 m between the monitoring point and the working face. e growth rate gradually intensified. When the distance between the face and the point was about 8 m, the force of anchor cable reached its peak value and then rapidly decreased. When the working face pushed through the monitoring point for 30 m, the force essentially stabilized at 150 kN, indicating that the roof of the retaining roadway had been cut down along the presplitting face to successfully relieve the pressure.
Stress Monitoring of Supports.
During the mining process of panel 5312, a total of 100 hydraulic supports of type ZY7200-18.5/34 were selected. e rated working resistance of the support was 7200 kN (40 MPa), and the maximum support height was 3400 mm. e stress monitoring points of the supports were arranged as shown in Figure 15 . A stress-monitoring point was arranged in increments of eight supports, i.e., on support Nos. 3, 11, 19, 27, 35, 43, 51, 59, 67, 75, 83, 91 , and 99 for on-line real-time monitoring of the stress data.
According to the aforementioned monitoring scheme, the stope can be divided into three areas: the roof-cuttingaffected zone, the unaffected area in the middle, and the zone not affected by roof cutting. ree hydraulic supports, Nos. 3, 51, and 91, were selected to monitor and analyze the rock pressure. Among them, support No. 3 was located in the zone not affected by roof cutting; No. 51 was located in the middle unaffected zone, and No. 91 was located in the roofcutting-affected zone. Figure 16 and Table 2 show statistical curves of the support load and the weighting step. e first weighting and periodic weighting of support No. 3, in the zone not affected by roof cutting, were 44 m and 26 m, respectively; those of No. 91, in the zone affected by roof cutting, were 50 m and 31 m, respectively. e two parameters of the latter are obviously larger than those of the former, indicating that a stable THAS formed between the collapsed and noncollapsed roof after roof cutting, and that the rotary deformation of the noncollapsed roof was small. is prevented the main roof from easily breaking; that is, the breaking span of the main roof increased. e decrease in support resistance indicates that a caving roof provides a certain degree of support for a noncaving roof and that the pressure of the noncaving roof on the rock surrounding the GSE decreases correspondingly.
Conclusions
Regarding the pressure-relief effects of hard roof blasting and cutting, the factors selected for the roof cutting position and its angle obviously affects the surrounding rock stability of the GSE. In this study, which focused on controlling the large deformation of this rock, the following results were obtained:
(1) Based on the analysis of the overlying structure and pressure-relief principle caused by roof cutting, a mechanical model of a THAS is established. It was determined that the overlying rock can form a stable THAS after roof blasting and cutting. In addition, the wall stress and the coal-wall displacement were small, which indicates that roof blasting and cutting has obvious effects of pressure relief. (2) Taking panel 5312 of the Jining No. 3 coal mine as the engineering background, the relationship among the rotation angle of the key block, the width of roadway, and the wall force beside the roadway was studied. e wall force was found to increase with an increase in the rotation angle of the key block but decreased with an increase in the roadway width. (3) e effects of roof-cutting position and angle were studied, with optimal results found to be 5 m and 15°, respectively. Finally, on-site monitoring of the anchor-cable force and the support force in panel 5312 of the Jining No. 3 coal mine was used to verify the pressure relief effect after roof blasting and cutting.
ese study results can provide a theoretical basis for reasonable technical means and optimization of supporting parameters in field observation. Moreover, they have important application value for roof cutting and pressure relief in GSER technology.
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